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Extended quasiparticle random phase approximation at finite temperatures: Calculation of single
B-decay Fermi transitions
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The formalism of the quasiparticle random phase approximation, extended to include scattering terms in the
equation of motion, is used to describe allowed singfdecay transitions of Fermi type at finite temperatures.
The calculations were performed by using a realistic single particle basis and a separable two body interaction
in the proton-neutron channel. The behavior of the Ikeda sum rule is studied and it is found that this sum rule
is strictly conserved in the presence of particle-particle and hole-hole correlations. As an example on the
validity of the formalism the case of Fermi transitions’fiGe is considered.

PACS numbd(s): 21.60.Jz, 21.60.Ev, 23.40s, 27.50+¢

[. INTRODUCTION correlations, in the QRPA wave functions near the break-

down, is the violation of sum rules. In this paper we aim at

An element of astrophysical interest is the calculation ofthe description of singlg-decay rates at finite temperature
single B-decay rates in stellar conditiofi4]. The conven- by using the FTQRPA and by including particle-particle and
tional procedure consists of large scale shell ma@&\) hole-hole terms in the proton-neutron interactions. We are
and/or quasiparticle random phase approximati@QRPA also I_(_eeping all terms which appear in the expression of_ the
calculations, depending on the considered mass region, sé@nsition operator to study the effect of thermal and particle
Ref. [1], and references therein. These calculations describgP'Telations on the corresponding sum rule. We shall show
single B-decay transitions feeding known sequences ofhat thg strength distributions obtained by using the present
B-stable nuclei or decay sequences leading to neutron Jprmahsm strictly obey the sum rule associated to the tran-

. . - .. sition operator. Similar motivations about the use of an ex-
proton rich nuclei. A large number of uncertainties are intro tended version of the QRPA to deal with all type of excita-

them: (a) the low-energy spectrum of the participant nucleir‘%ns around the. F?rml sqrfaqe can be. found in Ref, -

’ | .~ ~ where a schematic interaction is treated in an extreme single
are poorly known(b) the parameters used in the CalC_U|at'0nsparticle model space. In the present work we are presenting a
are fixed globally, and not on a case by case analysis(@nd 1,56 general formalism without imposing restrictions on the
zero temperature strength distributions are used to Compu%nfiguration space and for the case of a separable interac-
decay rates at finite temperatures. For a recent compilation ¢fo, As an example about the use of the formalism we have
results, see Refl1]. Large scale calculations of singleé  applied it to the calculation of singlg-decay transitions of
decay rates at finite temperatures can be performed by usinfe Fermi type. As will be discussed in the text, in spite of
the finite temperature QRPA formalisfl]. The use of this  the schematic structure of the interaction and of the relatively
technique has the advantage that thermal occupation factorsimple form of the transition matrix elements, the formalism
excitation energies, and decay rates can be calculated #Ristrates the effect of small components of the wave func-
functions of the nuclear temperature. Previous experiencgons upon the transition strength. We have taken the case of
with the finite temperature QRPATQRPA) [3] indicates  allowed Fermi transitionsAJ=0A7=0AT,=*1), as a
that complete expressions of the transition operators shoul@st case bearing in mind that more realistic calculations are
be used to compensate for thermal blocking effects affectingeeded in astrophysical applicatiof§. The formalism is
transitions near the Fermi surface, that is to say that ongresented in Sec. Il and the results of the calculations corre-
should include particle-particle and hole-hole transitions insponding to Fermi transitions in a nucleus with=76 are
addition to transitions across the Fermi surface. Concerningresented and discussed in Sec. lIl. Conclusions are drawn in
the inclusion of particle-particle correlations it is knoyw Sec. IV.
that they are responsible for the hindrance of charge depen-
dent transitiong5]. Furthermore these particle-particle cor-
relations can induce instabilities of the QRPA vacuum and
eventually be the source of the QRPA breakdd@h An In this section we shall present the steps which we have
undesired consequence of the presence of particle-particfellowed in order to calculate wave functions and matrix
elements of the Fermi operatot=r") connecting the
ground state of an even-even mass nucleus Wita0* ex-

Il. FORMALISM

*Electronic address: civitare@venus.fisica.unlp.edu.ar cited states of a odd-odd mass nucleus. Since we aim at the
"Electronic address: hirsch@nuclecu.unam.mx study of the validity of the QRPA at finite temperature we
*Electronic address: montani@venus fisica.unlp.edu.ar have chosen the case of Fermi transitions as a test case, for
SElectronic address: reboiro@venus.fisica.unlp.edu.ar convenience, but this choice does not introduce any signifi-
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cant restriction in the formalism or in the conclusions about

its use. To start with let us introduce the Hamiltonian, which qu:E aéjmaqjmu q=n,p,
is the one proposed by Kuz’'min and Solovig8] and more m

recently used in Ref$9,10] in dealing with the calculations

of double 8-decay observables. The Hamiltonian includes a rjjr=2x(tjty + 4t5) = 2e(pjpy + Pjpj ),
single-particle term, a separable monopole pairing interac- o L
tion and a charge-dependent separable residual interaction Sjjr=2x (4t +t;t) + 26(p;pj  + Pjpj ),

with both particle-hole and particle-particléhole-hole

proton(p)-neutronl) channels. It is written as uj; =2x(p pjr+E—E/)—2K(tjty+tjtj/),

H=% eijpj+; €niNnj— GpShS,— GnShS, vy =—2x(p;p; + PPy ) — 2k(t;t; + ),
+2xB BT —2xkP Pt (1) tjj’:2X(ﬁ'_tjpj’)+2’<(m/_pjtj')y
where Wi = 2x(tip = tpj) + 2(pjty —pity),  (4)
where

_ T
Nqi‘% 8gjmAgjm
Lj=Upjunj, tj=Unjvp,

f_ oot —(aht =p.n _
Sq sz aQImanm' Sq (Sq) o q=p.n, Pi=UpUnj, Pj=0njp;- (5)
The creation and annihilation of quasiparticles are repre-

B =2 ajmanim.  BT=(87)", sented by the operatous};,, and agjm, respectively,ug;,
" andv,; are BCS occupations factors and all radial overlaps
are taken as unity.
p-=> agjmazﬁ’ Pt=(P)T, ) The QRPA methofl12] prescribes that the Hamiltoniad
jm can be diagonalized in the phonon badig (Fl). Usually,
_ only the pair creation and pair annihilation operatAfsand
are the number operator, the monopole pair operator, and th@j are included in the definition of the QRPA phonons. In
particle-hole and particle-particle creation operators, respegne following we have generalized the standard QRPA to
tively. Proton and neutron single particle orbits, of angulari,jude the operator8! andB: in the definition of the pho-
momentunj and p[rojeqtiorm, are denoted_by the subindices nons, as done in Ref2]. Ithhe present case of proton-
(Ffr) and (n) and ag;, is a particle creation operator and e tron excitations the extended QRPA phonon is written
Agim=(— 1)J‘maaj,m its time reversal.
By transforming the Hamiltonian of Edl) to the quasi-

t_ t t_5
particle representatiofL1] one obtains Fk—; [XikiAj = YA+ ZiiBj — ZBi ], (6)
H=2, Eq4iNg; where extra term&, B/ —Z,;B;, are added to the conven-
aj tional definition of the phonon operator. As shown in Ref.

[2] vacuum expectation values can be replaced by thermal

1 .
+E —[rjj,(AjTAj,+A;r,Aj)+s”,(AJTAjT,+Aj,Aj) averages in order to account for temperature dependent ef-
i 12 fects. The resulting QRPA matrix equation can be written as
T t ot
+U;j(ByBj + By By) +vj;.(B;Bj, +B;/B)] A B 3 0\[X
e o~ | ~l <] (7
B* A* 0 -S/\Y

+th-/(AJ-TBj/JrBjT,Aj)+wjj,(AjTBjT,+Bj,Aj) . ®

The forward @A) and backward B) matrices, the metric

In the above expressidh,; are the quasiparticle energies matrix (8), and the amplitudes and¥) are defined as

and, for simplicity, the indexindicates single particle states.
The operators and matrix elements appearing in the same (

equation are defined by A A C)

E G
ool @ af 1920
Aj=lap®anily=o,

B D
B/ =[a]®anlno. B=|. ..
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N_(S 0 Tij=6;;2Q;(f;—fp)), (10
0T wheref; are thermal occupations factors
XZ(?) fq;=[1+expEq /T] . (11)

The expectation values which appear in E2).have been
(Y) calculated at finite temperature and the quanitywhich

Y=

5 (8) appears in the quasiparticle occupation factor of &d),

represents the nuclear temperature in units of energy.

The corresponding matrix elements, in the basis of The normalization condition for the phonons is

guasiproton-quasineutron pairs, of the above matrices are .
written ([T Ly D)= e 2 205 (Fo = 5)) (25~ Zi)

C=(TA. f
A= (A THAD, 1=ty f)OE-YEL (12

B.=—([A [H,AT], N
1=~ ([ALHALD where the sum runs over proton-neutron two quasiparticle
configurations. Next, we shall write the transition operators

Cij =([Ai,[H.B{1]), HHgu? L WE Shal . :
! ! B~, which are the isospin rising and lowering operators, in

Dij=—([A,[H,B1]), the quasiparticle basis. The explicit expressions are
Eij=([Bi.[H,A]), '8_:2; (4AT+ 1A —p;B/+p;B)),
Fij:_<[Bi1[H1Aj]]>1 " 1
: B =(B")". (13
Gij=([Bi.[H.B{1]), o , .
Using inversion formulas one can express these transition
Hij=—([B;.[H.B;1]). operators in the QRPA phonon basis. They are written as
=(TA. AT _
S =([Ai.AD), B :Ek‘, (a T f+b Iy,
T;j=([Bi,B]). ©)
The explicit expressions of these matrix elements, in ,6’+=Zk (al i+ b I)). (14

terms of quasiparticle energies, quasiparticle occupation fac-
tors, and matrix elements of the residual interaction, are obT .

> . y he amplitudes, andb
tained after evaluation of the commutators and double com- P K K
mutators. They are given by a=(Tw.8 1,

Aij= 620 (1— = f5) (Enj T Ep)) b=(T,B71) (15

+r|IZQJ(1_fn]_pr)ZQ|(1_fm_fpl), .
are the thermal expectation values of the commutator of the

Bij =520 (1— o= )20 (1— =), transition operators W_ith the QRPA phono_ns. 'I_'hese gmpli-
tudes can be written in terms of the quasiparticle pair and
Cij=1;2Q;(fnj— fp)2Qi(1—f =), scattering amplitudes of the QRPA phonons, namely,
__ ~(pair) (scatt)
Dij:WijZQj(fnj_fpj)ZQi(l_fni_fpi)v =y +ak )
Eij=Cji. by=b{P"+ b{*e, (16)
Fij=Dji, Explicit expressions of the pair and scattering contributions

entering in thea, andb, amplitudes are
Gij= 820 (frj = Tp) (Epj—Eny)
U 20 (Fry = Fp) 20 (Fri— Fpi), a(kpair)sz: (t X+ ;Y1) 20 (1= = ),
Hij=vi;2Q(fh= o) 2Qi(fri— i),
S =820,(1—f— o)), a(kscam:; (PiZi = PiZi) 20(foj = ),
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FIG. 1. Energy distribution of the lkeda sum rule, E20). The
contribution to the quantit~ — S*, for each phonon of energy,
is shown as a function of the phonon energy. The calculations were
performed for the temperature=0.0 MeV and for the particle-
hole coupling interactiony=0.3 MeV. Casega) and (b) corre-
spond to values ok=0.0 MeV, casegc) and (d) correspond to
values ofk=0.025 MeV, and case®) and (f) correspond to val-
ues ofk=0.05 MeV. The inset$a), (c), and(e) show the results
obtained when the scattering terms are not included, while the in-
sets(b), (d), and(f) show the results obtained with scattering terms

FIG. 2. Same as Fig. 1 for the temperatilire 0.5 MeV.

S*—s+=2k (aZ—b?),

= [(aEair)Z_ (bEair)Z] 4 [(aicatsz_ (bicatsz]

) ( aEairaicatt_ bEairbicatt) )

(20)

included.

b(kpair):; (t]YkJ +t—ijJ)ZQJ(1_fnj_fpj)!

b(kscatt); (szkj_ pjz(j)ZQj(fnj_ foi)-

17

This result should be compared with the conventional one
which contains only pair contributions. The cancellation of
the interference between scattering and pair tefiines last
term of Eq.(20)] is guaranteed by the orthonormalization of
the QRPA phonons.

Before ending this section, we would like to make a few
comments on the scope of the above presented formalism. In
spite of its schematic structure, the Hamiltonian of ED.
describes a good amount of the correlations which are spe-

In the present version of the QRPA eigenva|ue pr0b|en‘pific of Charge'eXChangéW:0+ channels. It illustrates the

the transition strength is defined by

§° =2 (NI,

(18)

and the lkeda sum rule is given by the differer&e—S*,

i.e.,

S -S"=([8".67)

=§j: 20,[ (=) (L~ foy—Fp)

+(pZ= ) (foj— )]
=N—-Z.

(19

main mechanism leading to the hindrance of low-energy
charge-exchange transitions, namely, the repulsion induced
by particle-hole ), and the attraction induced by pairing
(G, and G,) and particle-particle £) interactions. Natu-
rally, a more realistic treatment would require the use of an
effective two-body interaction, but the formalism is able to
deal with such a force. Concerning the use of thermal aver-
ages, we have so far described the case of excited final states
belonging to the double-odd mass nucleus, assuming that the
initial nucleus is in its ground state and that the thermal
occupancies are the ground stéBCS) ones[see Eq(11)].

As explained before we have proceeded in this manner be-
cause we wanted to study the distribution and conservation
of the transition strength in ground state to excited state tran-
sitions. One can also consider the case of decays from ex-
cited states of the initial nucleus by performing a finite tem-
perature QRPA calculation for all” states of the even-even

This sum rule can also be written in terms of quasiparticlenass nucleus, as described in R&f. One can then connect

pair and scattering amplitudésee Eq(16)] and the result is

the ground and excited states of the initial double-even mass

054318-4
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0.00 0.02 0.04 0.00 0.02 0.04 0.06 FIG. 4. lkeda sum rule as a function of the coupling conskant
x [MeV] for xy=0.3 MeV and for different values of the temperattireCase

(a) corresponds to the results obtained without including scattering
FIG. 3. Strength distribution§~ and S*. Insets(a) and (b) terms. Caseb) corresponds to the results obtained with the inclu-

show the behavior of the strength functish, as a function of the ~ SIon of scattering terms.

coupling constank for y=0.3 MeV and for different values of the
temperatureT given on the curves. Insei®) and (d) show the and neutron gaps, were obtained at values of the order of 0.7
strength functiorS*. Cases(a) and (c) show the results obtained and 0.8 MeV, respectively. Excited™=0" states of the
when the scattering terms are not included wiideand (d) show  double odd mass nucled8As were described as QRPA one
the results obtained by taken into account scattering terms in thphonon states. The QRPA equations, &0, were solved as
QRPA equation of motion and in the transition operator. functions of the temperaturgé and by taking the strength
parameterx as a free parameter. The parameteof the
nucleus with all states of the final double-odd mass nucleHamiltonian of Eq. (1) was fixed at the valuey
which are allowed by the transition rules of tifedecay =0.3 MeV, as indicated in Ref15]. The contributions to

operator. The expressions corresponding to the transitiothe Ikeda sum rule, for each phonon, are shown in Figs. 1
matrix elements are more involved but still they can be com-

puted in the same way as the ground state to excited state ——

I v v
transitions. 12 total
- pair -
Ill. RESULTS AND DISCUSSION 10k i
As an application of the previously introduced formalism
we have calculated allowed Fermi transitions in the mass 8l .
region A=76. The single particle basis includes all single g
particle states of thél,;=3 and 4 mayor harmonic oscilla- ry: i
tors shells and the=5 levels fromN,,=5, both for protons g
and neutrongwhereN,. is the oscillator principal quantum 17
numbej. The single particle energies around the Fermi sur- ar T
face have been shifted, respect to their harmonic oscillator
valueg[13], to reproduce observed low-energy levels belong- 2| .
ing to the spectra of odd-evéaven-odd mass nuclei around
’8Ge. The pairing coupling constants, for neutrofs, and 0 seatt. .
for protons G,), were fixed at the values 18/MeV and Ly

21/A MeV, respectively. The BCS equatiorfd1] were 0.0 0.1 0.2 0.3 0.4 0.5
solved by takingN=2Z=20 as shell closure, for protons and

. . T [MeV]
neutrons, respectively. The obtained proton and neutron gaps
and quasiparticle energies, calculatedTat0 MeV, were FIG. 5. Partial contributions to the sum rule of E80), and its
found to be in reasonable agreement with data. Temperatuggtal value, as a function of the temperatiiteThese are the results
dependent BCS equation$4] were solved by varying the obtained by using the extended QRPA method. The permanence of
temperature in the interval 0 Me¥T<0.5 MeV. The the total value of the strength sum, lkeda sum fI&R), is verified
critical temperatures, associated to the collapse of the protoir all values ofx below collapse £<0.06 MeV).
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and 2. The strength distributions of Fig. 1, which corre-tions. Finally, in Fig. 5, we show the contributions of pair
sponds to the case of zero temperature, show the effect @ind scattering terms to the lkeda sum rule. It is seen that the
particle-particle correlations for increasing values of the coudecrease of the pair contribution is balanced by the increase
pling constantx. The influence of scattering terms, @t  of the particle-hole ones. In the standard QRPA treatment of
=0 MeV, is a minor one. Figure 2 shows the results correthe interaction the decrease of the pair contributions to the
sponding toT=0.5 MeV. While the effects due to increas- sum rule cannot be avoided by the renormalization of the
ing particle-particle interactionginsets(a), (c), and (e) of  strengthx, which is itself a source of manifest violations of
Fig. 2] are very much the same, as compared toThed  the sum rule.

results, the effects of the scattering terms are noticeable par-

ticularly in the low-energy region of the spectrum. In Fig. 3 IV. CONCLUSIONS

the values o5~ andS*, of Eq.(18), are shown as functions

of the temperature and of the coupling constanwithout In this work we have presented an extended version of the

. o . . QRPA equations which incorporates scattering terms in the
linsets(a) and(c)] and with[insets(b) and(d)] the inclusion definition of the QRPA phonons. The effect of these terms

of scattering terms in the QRPA phonons and transition OPhecomes particularly significant when finite temperature

erators. From the results shown in Fig. 3 it is clearly see .
that the contributions coming from scattering terms tends tg?RPA equations are solved. As an example of these effects

compensate the decrease of particle-hole transitions due e have calculated strength distributions and the lkeda

. . . : sum rule for singleB-decay transitions of the Fermi type
thermal blocking. The main effect is obviously reflected on; the mass region A=76: ie. TGe(0'g.s.)

the dependence & uponT [inset(a) and(b) of Fig. 3. - 76 + /
The curves shown in Fig. 3 illustrate the main trend of the_”B —""As(0"exc). We found that the sum rule is pre-

results, concerning symmetry cancellations and thermal ef?)erevrztgpgng thheoaor?girBe t:g:osu(ﬁfeeﬁtg'rni% E[ﬁ:amégpt,zee Ua-
fects. The global symmetry of the Hamiltonian of Ef), as P P q

a function of the coupling constart was discussed in Refs. tions. The results reported above about the temperature de-

[16.17]. The suppression of the" strength afT=0, for x pendence of the transition strength may be significant in the

=0.06 MeV is a consequence of the isospin symmetry resgontext of the calculation oB-decay rates in stellar condi-

. : L oE AR SO tions[1]. The results concerning the inclusion of scattering
toration. The isospin violation which is inherent to mean, - in the QRPA equation of motion, described in the pre-
field BCS calculations reflects upon the small values of thevious sections. are iﬂ agreement with recently re ortedp re-
strengthS™, as compared to the values of the stren§th j g y Tep

for values of x which are smaller than the svmmetry one sults by other authorf7]. Although the results presented in
(k~0.06 Me\';) In consequence. for the reysent cayse ththis paper have been obtained by using a schematic interac-
K=Lun ' + d Dy P » Nfion they illustrate rather well the effects of small compo-
nonvanishing values &" for Fermi 8™ transitions from the

round state of%Ge | N N fh fthe BC nents of the wave functions upon the sum rules at finite
ground state of“5€ IS a consequence of the use of the emperatures. Work is in progrelsks] concerning the use of

mean field, which moderates the complete suppression of tlf;bg- . ; ; - g
S . is technique in the systematic calculation of singtdecay
decay branch due to the Pauli principle. Figure 4 shows tot ates of astrophysical intereit],

values of the Ikeda sum rule, E€RO), as functions of the
temperaturd and of the coupling constart, without[inset ACKNOWLEDGMENTS

(@] and with[inset(b)] the inclusion of the scattering terms.

It is evident that the inclusion of the scattering terms plays a This work has been partially supported by the National
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